INTRODUCTION
The following are the results of an investigation of the ultraviolet-fluorescence (UV-F) photograph of the radiocarbon (C-14) dating sample area of the Shroud of Turin (TS). The UV-F photograph, which was taken by Vernon D. Miller of the Brooks Institute of Photography in Santa Clara, California in 1978, was available for download in the Links section of the ShroudScience Group page on yahoo.com.
The digital photograph was verified by Giulio Fanti (Department of Mechanical Engineering, Padua University) as the original UV-F photograph taken of the lower ventral corner of the TS in 1978. According to the late Raymond N. Rogers: "The area where the radiocarbon sample was obtained had been photographed in 1978 with an ultraviolet source… . While making the UV photographs, the source was heavily filtered to exclude visible light and the camera was heavily filtered to exclude any effect of the UV on the film. All that appears on the film is the result of pure fluorescence. All fluorescence is a result of the chemical composition of the material" (Rogers, 2004) .The TS, believed by many to be burial cloth of Jesus of Nazareth, has been described as the most analyzed piece of linen in history.
The purpose of this investigation was to determine whether digital image processing software and techniques commonly used by the land remote sensing community for the processing of multispectral imagery collected by airborne and spaceborne sensors could be used to process the brightness values in the UV-F photograph. The investigation also attempted to determine whether any spectral anomalies in the C-14 sample area of the TS could be identified using the UV-F photograph. This is not the first time images of the TS have been analyzed using digital image processing techniques. The Shroud of Turin Research Project (STURP) collected "spectrally-resolved Quad-Mosaic photography" during its investigation of the TS in 1978 (Avis et al., 1982) . The Quad-Mosaic images were processed in an effort to display the surface chemical composition of the TS (Avis et al., 1982) .
MATERIALS AND METHODS
grid system covering the same area. This technique uses polynomial equations to establish a "rubber sheet" transformation of the image. Resampling is also described as a "control point warp" in remote sensing literature. The image was resampled using 10 control points with a linear (first order) polynomial fit and nearest neighbor interpolation.
The resampled Benford and Marino image was exported from IDRISI as a geotiff file and then imported to the ArcGIS 10, GIS software from Environmental Systems Research Institute in their paper (http://www.esri.com). ArcGIS was used to "heads up" digitize the boundaries of C-14 sample area from the resampled image. The results of this process were stored in Esri vector (shapefile) format. The ArcGIS shapefile was then imported to IDRISI and rasterized to the resolution of the UV-F image. A vector version of the C-14 sample area can be overlayed on any of the raster images to show the exact location where radiocarbon dating samples were taken ( Figure 10 ).
Standard scores (z-scores) were calculated for the first component of the PCA to determine if any spectral anomalies exist in the C-14 sample area. As Rogers and Arnoldi noted: "The radiocarbon sample area is darker than normal, a fact that is not the result of image color or scorching. The cloth is much less fluorescent in that area, brightening into more normal fluorescence to the right. The photograph proves that the radiocarbon area has a different chemical composition than the main part of the cloth, and it is truly anomalous." (Rogers and Arnoldi, 2000) .
To calculate standard scores for the first component of the PCA, a 100 by 100 pixel sample area was selected at random from the right portion of the UV-F image noted by Rogers and Arnoldi as having "more normal fluorescence." The pixel coordinates (column/row) for the upper-left, upper-right, lower-right, and lowerleft corners of the sample area were 172/38, 271/38, 271/137, and 172/137, respectively. The z-score sample area is shown in Figure  11 . This sample area represented an area of 10,000 pixels, or 10.95% of the total number of pixels for the clipped images used in this investigation. Selected statistics were extracted from the first component of the PCA for the z-score sample area (Table 1). IDRISI's Image Calculator was used to calculate the standard score (z-score) for each pixel in the first component of the PCA (Figure 12 ). Images can be used as variables in an equation using Image Calculator. To calculate z-scores and create the z-score image (Figure 12 ), the first component of the PCA was used as an image in the z-score equation in Image Calculator. Selected statistics were extracted from the z-score image for the four C-14 sample areas and the z-score sample area ( Table 2) .
The selected statistics were also extracted for the Retained area shown in Figure 9 , and for the unnamed area between Areas 1 through 4 and the Retained area and the seam where the patch was joined with the TS and the Raes fragment. The selected statistics for the Retained area were -6.4822 (minimum value), -2.7028 (maximum value), -5.1312 (mean) and 0.5109 (standard deviation). The selected statistics for the unnamed area were -7.6290 (minimum value), -1.4805 (maximum value), -5.6225 (mean) and 0.5978 (standard deviation).
STURP researchers observed that "if the chemicals were spectrally differentiated, the multispectral classification process could provide a map of chemical composition throughout the Shroud image" (Avis et al., 1982) . The primary purpose of digital image processing of remotely sensed images is to extract information about land or water areas based on the variability of brightness values of reflected and emitted energy captured by the remote sensing instrument (Jensen, 1996) . Two techniques are available to the land remote sensing analyst to classify brightness values from multispectral image: 1) supervised classification; and 2) unsupervised classification. In supervised classification, the analyst develops "training areas" that identify a particular type of land or water feature. The image processing software uses the training area data to classify an image to show whatever features are being mapped based on the spectral signatures of the training areas. In unsupervised classification, the image processing software segments multispectral data into n categories of like spectral response using one of several classification algorithms. The analyst can then assign the categories to specific features based on a priori knowledge of the study area.
For this investigation, an unsupervised classification was performed on the first component of the PCA using IDRISI's K-MEANS classifier. K-MEANS is a method of cluster analysis that aims to partition n observations into k clusters in which each observation belongs to the cluster with the nearest mean. The K-MEANS classification of the first component of the PCA was based on a random seed cluster centroid initialization rule, a maximum of 16 output clusters, and a maximum of 500 iterations. The percentage of migrating pixels was set to be less than or equal to 1.0% and clusters with proportions less than or equal to 1.0% were merged. K-MEANS begins by initializing k centroids (means), then assigns each pixel to the cluster whose centroid is nearest, updates the cluster centroids, then repeats the process until the k centroids are fixed. The 16 output cluster maximum is the default setting for IDRISI's K-MEANS classifier. The result of the K-MEANS clustering is shown in Figure 13 . In addition to the results of the statistical test described below, Figure 13 provides visual confirmation of the anomalous nature of the C-14 sample area. Similar results were obtained by setting the maximum number of output clusters to 8 and 24.
IDRISI was also used to segment the first component of the PCA (Figure 10 ). Segmentation groups adjacent pixels into image "objects" (segments) according to their spectral similarity. An object, then, is a spatial unit that differs from its surroundings based on values within an image. Segmentation employs a watershed delineation approach to partition input imagery based on their variance. A derived variance image is treated as a surface image allocating pixels to particular objects based on variance similarity. After segmentation, the analyst can identify selected image objects as training areas for a supervised classification of the image, or use objects to calculate statistics for image values. Segmentation is a relatively new technique for extracting information from remotely sensed imagery.
Pixel segmentation of the first component of the PCA was based on a window width of 3, a weight mean factor of 0.5, a weight variance factor of 0.5, and a similarity tolerance of 20. Other similarity variances were also tested. The results of the segmentation with a similarity tolerance of 5 ( Figure 14) represented an appropriate balance between the scale of the image and the size of the image objects.
Using IDRISI, the values in the z-score image ( Figure 12 ) were transformed to positive numbers using the absolute value function. 
RESULTS AND DISCUSSION
The image processing techniques used to investigate the UV-F photograph provide both image and tabular data supporting discussion of several important issues related to the C-14 sample area of the TS.
Ultraviolet fluorescence (UV-F) photography
In recent years, art historians have used UV-F photography for forensic analysis of paintings (Hain et al., 2003; Thoury et al., 2005; Anonymous, 2003) . UV-F photography which can be taken today with the use of a digital camera, a UV filter for the digital camera lens, and a UV light source measures visible fluorescence induced by UV radiation. Any material that is sensitive to UV light will fluoresce. Different painting materials (paints, pigments, varnishes, dyes, etc.) will exhibit different fluorescence when exposed to UV light and will emit visible light (Hain et al., 2003; Thoury et al., 2005; Anonymous, 2003) . It was the emitted visible light induced by UV radiation of the TS that was captured by the UV-F photograph (Rogers, 2004) .
Newer applied paints and varnish layers under UV light will fluoresce less than older materials (Hain et al., 2003; Thoury et al., 2005; Anonymous, 2003) . Therefore, retouched (dyed) areas will appear darker in a UV-F image. With regard to the UV-F photograph of the C-14 sample area, Rogers observed: "The small, triangular, white area is where the Raes sample was cut in 1973. The radiocarbon sample was cut upward from there about 1 cm to the right of the seam and about 7 cm long. The area where the radiocarbon sample was taken is relatively dark, a fact that is not the result of dirt, image color, or scorching. The cloth is much less fluorescent in that area, brightening into more typical fluorescence to the right. The photograph proves that the radiocarbon Figures 2, 4 and 6 show the brightness values for the 8-bit blue, green, and red bands extracted from the 24-bit RBG UV-F image. Each of the 8-bit images virtually confirms Rogers' observation with regards to the fluorescence of the UV-F image. That is, the brightness values are lower in the area where the C-14 samples were taken and are higher to the right. The brightness values for each image range from 0 to 255 and are shown in the legend on the right hand side of each image. Rogers' observation is further confirmed by the image of the first component of the PCA (Figure 10 ), an image created by statistically "compressing" the blue, green, and red bands extracted from the 24-bit UV-F image.
The graph of brightness values of the first component of the PCA in Figure 17 provides an interesting way of visualizing the change in brightness values in the image noted by Rogers. Note that the brightness values increase from the starting point of the profile line to where the profile line crosses the seam (pixel 74). At that point, the brightness values decrease dramatically and then increase from the seam to the ending point of the profile line. The profile line enters and exits the Zurich sample (Area 2) at pixels 87 and 109, respectfully. The cotton patch and C-14 sample area fluoresce differently than the rest of the TS.
Spectrally anomalous nature of the C-14 sample area
The first component of the PCA (Figure 11 ) was used to calculate the z-score for each pixel in the UV-F photograph. Other researchers have used the UV-F photograph to qualitatively assess the anomalous nature of the sample area. Based on pixel z-scores (Figure 12) , the area where the C-14 sample area is located is anomalous when compared to the upper right portion of the UV-F image (the area UV-F photograph above the area charred in the 1532 C.E fire). The C-14 sample areas (Areas 1 through 4) have average z-score values ranging from -4.8327 to -3.9807 (Table 2 ). A one-sample z-test was used to determine whether the four C-14 areas are statistically different when compared to the upper right portion of the TS (the z-score sample area). This statistic compares the mean of a set of measurements (the mean z-scores for the four C-14 sample areas) to a given constant (the mean z-score for the z-score sample area). Two hypotheses were postulated for the one-sample z-test.
H 0 : There is no significant difference between the mean z-score for the z-score sample area and the sample means for the four C-14 sample areas, or µ = χ (where µ is the population mean and χ is the sample mean).
H 1 :
There is a significant difference between the mean zscore for the z-score sample area and the sample means for the four C-14 sample areas, or µ ≠ χ (where µ is the population mean and χ is the sample mean).
The rejection criteria were based on a significance level of 0.05 alpha (95% confidence interval) with a two-tailed test. The test statistic for the z-test is defined by the following equation:
Where, χ is the z-score sample mean, µ is the population mean, σ is the population standard deviation, and n is the sample size. The population mean and the population standard deviation for the z-score sample area were -2.3084 and 0.9999, respectively (Table 2 ). Other data used in the calculation of the one sample z-test, and the results of the z-test statistic calculation, are included in Table 3 . The critical values for the z-test score were -1.96 and 1.96.
Because the z-test scores for the four C-14 sample areas are significantly less than -1.96, the null hypothesis (H 0 ) was rejected for all four C-14 sample areas. There are significant differences between the mean z-score for the z-score sample area and the sample z-score means for the four C-14 sample areas. Spectrally, the four C-14 sample areas are statistically anomalous when compared to the z-score sample area, the portion of the UV-F image with fluorescence that is more typical of the TS. 
Observed gradients in the C-14 sample area
Several researchers have noted the presence of "gradients" in the radiocarbon dating area based on different amounts of C-14 in the four samples. Walsh (1999) determined that "higher levels of 14 C were measured at increasing distance from the edge of the Shroud linen." He based his findings on linear regression analysis of subsample radiocarbon dates with the corresponding distance of the sample to the edge of the TS. Marino and Benford (2000) used the three laboratory dates and Walsh's regression line to estimate dates for the four C-14 samples. The trend of the gradient of the z-score sample means for the four C-14 samples is consistent with the trend of the age gradient reported by the three C-14 laboratories in 1988 (Damon et al., 1989 ) and the trend of the age gradient estimated by Marino and Benford (2000) (Table 4) . Marino and Benford (2000) provided calendar dates for the four sample areas (1238, 1246, 1326, and 1430) in their article. The calendar dates were converted to ages by subtracting 1989 (the publication date of the Nature article with the radiocarbon dates) from each calendar date. As Marino and Benford noted in their article, The Arizona #1 (Area 1) and Arizona #2 (Area 4) samples were reported as one radiocarbon age estimate. They also noted that they were unable to separate the measurements for the two Arizona samples from the laboratory data (Damon et al., 1989) .
The UV-F image used in this investigation provided the means for identifying differences in the chemical composition of the TS. It can be posited, given the preceding discussion regarding the use of UV-F photography, that the UV-F brightness values recorded information about the dyed and non-dyed portions of the TS. As Rogers concluded, the medieval restorer applied dyes to the 16th century cotton patch and TS linen to match the aged appearance of the TS: "The presence of alizarin dye and red lakes in the Raes and radiocarbon samples indicates that the color has been manipulated. Specifically, the color and distribution of the coating implies that repairs were made at an unknown time with foreign linen dyed to match the older original material. Such repairs were suggested by Benford and Marino" (Rogers, 2005) .
Given the spatial resolution of the UV-F image, individual threads on either side of the seam where Benford and Marino (2008) have postulated the cotton patch was rewoven into the TS could not be discriminated via image processing. However, the image created via K-MEANS classification ( Figure 13 ) shows what appears to be the twill pattern of the TS in the upper right hand portion of the image. Availability of higher spatial resolution imagery in the future may enable discrimination of individual threads of the cotton patch and the TS linen via digital image processing.
Conclusions
The digital image processing techniques described in this paper to process the UV-F photograph can be used to ensure that any future radiocarbon dating of the TS is based on samples taken from areas that are representative (statistically similar) to that of the TS. More importantly, this paper demonstrates that digital image processing provides new techniques and tools for nondestructive investigation of the TS. These include tools for enhanced visualization and analysis of multispectral TS imagery. There may be as yet unknown information hidden in the TS that can be identified via digital image processing of multispectral TS imagery. For example, the red band extracted from the UV-F image (Figure 6 ) shows features that are otherwise not apparent in the UV-F photograph. Additional digital image processing of the UV-F image may also produce other new information. Benford and Marino (2008) demonstrated that the C-14 samples were taken from an area of the TS that had been expertly restored by medieval artisans by reweaving a cotton patch into the original linen of the TS. According to Brown (2005) , the artisans then attempted to dye the newly rewoven area to match the aged appearance of the remainder of the TS. The image segments created using the first component of the PCA (Figure 14) may provide a way to identify unique chemical composition features on the TS. Also, the unsupervised classification image produced via K-MEANS clustering (Figure 13 ) may provide a Area 1 is the area shown in Figure 9 as Arizona #1, Area 2 is the area shown as Zurich, Area 3 is the area shown as Oxford, and Area 4 is the area shown as Arizona #2. way to identify the exact area where the cotton patch and the portion of the TS adjacent to the cotton patch was dyed to match the older linen material of the TS.
RECOMMENDATIONS
One academic discipline apparently not represented among the Shroud of Turin Research Project (STURP) investigators was that of geography. As a geographer who is new to TS research, the author would like to make several recommendations based on the investigation of the UV-F photography of the C-14 sample area described in this paper. First, new multispectral digital imagery should be taken for both the dorsal and ventral sides of the TS. These images should be taken at the highest possible spatial, spectral, and radiometric resolutions, an idea suggested previously by Fanti (1997). Further, any multispectral (xray, ultraviolet, visible, and infrared) images taken of the TS should be geospatially referenced to one another. In other words, the pixels in one image should match those in all of the other images. Taking digital imagery will not harm the TS in any way. More importantly, the availability of high resolution imagery will enable researchers to undertake other non-destructive investigations of the TS. As demonstrated in this paper, the UV-F photograph of the C-14 sample area of the TS encodes information that previously was unknown to TS researchers. There may be other information hidden within the TS that is waiting to be identified via digital image processing of higher resolution imagery.
Second, as has been suggested by other researchers (Latendresse, 2010) , a planar coordinate system should be established for the TS. Ideally, the coordinate system should be based on pixel coordinates measured from the upper left corner of digital images for both the dorsal and ventral sides of the TS.
This would be a Cartesian Quadrant IV coordinate system modified for use with digital image processing and mapping software. The Shroud coordinate system would measure pixel coordinates for both the x-axis (columns) and y-axis (rows) using positive values. This would enable TS researchers to georeference their work so that their findings could be compared to those of other researchers. It would also enable development of a gazetteer (geographic index) of TS features such as blood and serum stains and burn marks. More importantly, high resolution (spatial, spectral, and radiometric) imagery tied to a consistent coordinate system will create in a "TS map" that would serve as a "common operating picture" for future collaborative TS research.
